Studies of the climate and atmosphere of Mars are limited at present by a lack of meteorological data having systematic global coverage with good horizontal and vertical resolution. The Mars Observer spacecraft in a low, nearly circular, polar orbit will provide an excellent platform for acquiring the data needed to advance significantly our understanding of the Martian atmosphere and its remarkable variability. The Mars Observer pressure modulator infrared radiometer (PMIRR) is a nine-channel limb and nadir scanning atmospheric sounder which will observe the atmosphere of Mars globally from 0 to 80 km for a full Martian year. PMIRR employs narrow-band radiometric channels and two pressure modulation cells to measure atmospheric and surface emission in the thermal infrared; a visible channel (0.39-4.7 •m) is used to measure solar radiation reflected from the atmosphere and surface. Vertical profiles of atmospheric temperature, the infrared extinction of dust suspended in the atmosphere, atmospheric water vapor, and condensate hazes will be retrieved from infrared measurements having a vertical resolution of 5 km, which is half an atmospheric scale height. PMIRR infrared and visible measurements will be combined to determine the radiative balance of the polar regions, where a sizeable fraction of the global atmospheric mass annually condenses onto and sublimes from the surface. Derived meteorological fields, including diabatic heating and cooling and the vertical variation of horizontal winds, will be computed from the globally mapped fields retrieved from PMIRR data. Analyses of these observed and derived fields will address many key questions regarding the atmosphere and climate of Mars. The Mars Observer mission will take the next step in the exploration of Mars. In its polar near-circular orbit the spacecraft will be ideally suited to global synoptic mapping of atmospheric constituents and fields. Two of its primary mission goals address the atmosphere and its interactions with the surface; these are to (1) determine the structure of the atmosphere and aspects of its circulation and (2) The specific scientific objectives of the PMIRR investigation are addressed in section 2. The existing state of knowledge and the outstanding scientific questions related to the atmosphere and climate of Mars are also discussed, together with statements of key measurements to be made and of quantities to be derived from PMIRR measurements. The instrument itself, including calibration procedures, and the instrument observing strategy using to obtain a representative climatology are described in section 3. An outline of the retrieval approach to be used and some numerical simula- 7735 
INTRODUCTION
The study of the atmosphere and climate of Mars requires a comprehensive investigation of atmospheric and surface phenomena linked by the physical mechanisms of atmospheric transport, surface-atmosphere interaction, radiative heating and cooling, and latent heat exchange. To date, such studies have been severely limited by the lack of simultaneous and systematic measurements of the distributions of dust, volatiles, and key meteorological fields. Previous missions, beginning with the flyby of Mariner 4 in 1965 and continuing through the more recent Viking and Phobos missions, have been constrained by their limited lifetimes or by the natural limitations of the spacecraft and instrument capabilities available at the time.
The Mars Observer mission will take the next step in the exploration of Mars. In its polar near-circular orbit the spacecraft will be ideally suited to global synoptic mapping of atmospheric constituents and fields. Two of its primary mission goals address the atmosphere and its interactions with the surface; these are to (1) determine the structure of the atmosphere and aspects of its circulation and (2) determine the time and space distribution, abundance, sources, and sinks of volatile material and dust over a seasonal cycle.
Within the Mars Observer instrument payload, the pressure modulator infrared radiometer (PMIRR) is unique in [Pollack et al., 1981; Barnes, 1980 Barnes, , 1981 Barnes, , 1990a , atmospheric thermal tides [Pirraglia and Conrath, 1974; Zurek, 1976; Zurek and Leovy, 1981] , internal gravity waves [Pirraglia, 1976; Barnes, 1990b] , regional slope winds, dust devils [Ryan, 1964; Ryan and Lucich, 1983 ; Thomas and Gierasch, 1985] , local dust storms [Gifford, 1964; Martin and Baum, 1969; Peterfreund, 1985] , and episodically, regional and even planetary-scale dust storms [Gierasch, 1974; Martin, 1974a Existing data lack the spatial and temporal coverage of the Martian atmosphere needed to define the full range of its variability and to relate quantitatively possible radiative and mechanical forcing to observed features. The key objectives of the PMIRR investigation in the study of the general circulation of Mars are, first, to describe the time-space structure of the circulation; second, to understand quantitatively the relationship between general circulation features and radiative forcing, as influenced by such factors as atmospheric mass, surface thermal properties, and topography; and third, to constrain quantitatively wherever possible, the role of the general circulation in atmospheric transports and climate change.
PMIRR will characterize large-scale atmospheric variability by repeated scanning of the atmospheric limb of Mars on each of 12-13 orbits per day to provide global, daily views of atmospheric temperatures and dust, both from 0 to 80 km, but using pressure as a vertical coordinate. Although winds cannot be observed directly by PMIRR, the vertical variation of the horizontal wind components (i.e., the wind shear) is related to the horizontal variation of temperature and can be derived from the global mapping of temperature on pressure surfaces.
Deriving winds from temperatures. The only direct measurements of atmospheric winds on Mars are those made by the two Viking landers at a single height of 1.6 m. Presently, there are no plans to fly instruments that would measure Martian winds directly from orbit, although such instruments are now observing Earth's upper atmosphere [Reber, 1990] . Fortunately, the vertical variation of the horizontal wind components (i.e., the wind shears) can be computed from PMIRR's observations of global temperature fields by using the geostrophic or higher-order approximations . Determination of the winds themselves depends upon a boundary condition, such as the precise measurement of surface pressure or the knowledge of the wind at some known height. The required precision in the measurement of surface pressure is difficult to achieve by passive remote sounding from orbit. Cloud tracking by the Mars Observer camera (MOC) can provide the required referencelevel winds on those occasions where there are identifiable cloud features which can be located in altitude and tracked from one orbit to the next. This is most likely to occur at high latitudes.
The magnitude of the zonal and meridianal wind components, u and v respectively, at high altitude on Mars (say, above 20 km) is determined largely by the wind shear, since winds near the surface are expected to be small by comparison. For these altitudes it is adequate to assume that u • v •-0 near the surface. Figure 1 shows a meridional cross section of temperature constructed from Mariner 9 infrared interferometer spectrometer (IRIS) data, together with the zonal wind computed using the geostrophic assumption.
Unlike the case for Mariner 9, Mars Observer with PMIRR can obtain such cross sections daily for each of'12-13 orbits spanning the planet and with corresponding maps of dust opacity, haze distribution, and water vapor.
Zonally symmetric components of the circulation. The variations of the zonally averaged temperature and zonal mean wind velocity with pressure, latitude, and season constitute two of the most important characteristics of a planet's general circulation [e.g., Lorenz, 1967] . They are first-order dynamical properties against which dynamical models, including general circulation models (GCMs), must be validated. PMIRR will provide zonally averaged temperatures at altitudes below 80 km for a full Mars year. Previous latitude-height cross sections of the zonal mean temperatures have been confined to altitudes below 45 km and largely during northern spring [Leovy, 1982] .
The region above 45 km is of particular interest in that it is virtually unexplored. There is some evidence [Demirig et al., 1986 ] that, just as in the case of the Earth's mesosphere, the latitudinal variation of temperature may be far from the radiative equilibrium distribution. Observation of such departures from equilibrium over seasonal time scales would provide clear evidence that the breaking of vertically propagating gravity waves and atmospheric tides is playing a significant role in the momentum balance of the middle atmospheres of both Earth and Mars. The effective "drag" exerted on the zonal mean Martian circulation by these breaking waves can be estimated from temperature observations, just as for Earth [Smith and Lyjak, 1985] .
The zonal mean component of the zonal wind can be computed in a rather straightforward way from the observed temperature field, as discussed above (see Figure 1) One signature of the Mars Hadley circulation during a great dust storm is the reversal aloft of the poleward temperature gradient due to adiabatic warming in the downwelling branch of the circulation. The position of this relatively warm air will move with latitude as the amount of dust and the area covered by dust changes with time. PMIRR has the spatial resolution and coverage to identify these variations in the upper layers of the dust haze.
By combining the thermodynamic energy and mass continuity equations the zonal mean meridional and vertical winds can each be represented as the sum of two components, one related to the diabatic heating of the atmosphere and the other to the meridional flux of heat due to atmospheric waves. The wave-induced component is difficult to estimate from Mars Observer data, in part because of the difficulty discussed earlier of computing winds as opposed to wind shears. However, theory and terrestrial experience indicate that the zonally averaged transport due to advection by the diabatically driven component of the zonal mean meridional and vertical winds is a good approximation to the net zonal mean transport, which is the difference between advection by the zonally averaged winds and the zonal mean component of meridional fluxes induced by planetary waves. Traveling planetary waves: The two Viking lander meteorology stations detected traveling waves during winter at both the 23øN and 48øN sites, with the wave activity more prominent and more frequent at the more poleward site. With the aid of the geostrophic approximation these waves were inferred to be typically of zonal wavenumber 3 or 4 with eastward phase speeds in the range 10-20 m/s. On this basis they have been tentatively attributed to baroclinic instability [Barnes, 1980 [Barnes, , 1981 . The location and character of these waves were observed to vary with atmospheric dust loading. Occasionally, the waves themselves appeared to trigger local dust storms [Briggs and Leovy, 1974 Planetary-scale waves were also detected in the Mariner 9 IRIS observations, but orbital geometry precluded the unambiguous determination of both zonal wavenumber and period [Conrath, 1981] [Conrath, 1981] and simulations using a variety of atmospheric circulation models indicate that the largeamplitude planetary-scale orography and variation in surface properties [Webster, 1977; Moriyama and Iwashima, 1980; Pollack et al., 1981] will drive a strong atmospheric response. The long-period traveling component of this response was discussed above. Model simulations suggest that the stationary, or quasi-stationary (periods • 10 days or so), response may be even larger. The nature of this response is thought to take the form of vertically propagating Kelvin waves at low latitudes and of vertically trapped Rossby waves at higher latitudes [Webster, 1977] . The theory of these disturbances is well developed, and abundant observations of these phenomena exist for Earth's atmosphere. On Mars, amplification of orographically forced waves during planetary-scale dust storms can provide a very effective means of transporting heat and dust into the polar regions [Barnes and Hollingsworth, 1987] .
PMIRR observations have sufficient spatial resolution to reveal unambiguously the characteristic zonal wavenumbers, phase speeds, vertical scales and meridional extent of stationary and of most traveling planetary-scale waves (see section 3). Observations of the wintertime southern hemisphere will establish whether or not traveling waves occur in the south, as they are known to do in the north. The Mars Observer laser altimeter (MOLA) will define planetary-scale as well as smaller-scale components of the terrain height. This will provide a critical test of hypotheses about the influence of topography on traveling waves. PMIRR observations of the variations of the dust distribution and of temperature will also link quantitatively the effects of net radiative forcing by suspended dust to the modification or generation of atmospheric waves. Atmospheric tides: On Mars, planetary-scale oscillations of the meteorological fields known as atmospheric tides are driven principally by the daily varying solar heating of the atmosphere and surface [Zurek, 1976] . Observations of surface pressure and winds by the Viking landers [Leovy, 1981] , together with atmospheric temperature observations by the Mariner 9 IRIS [Pirraglia and Conrath, 1974] , the Viking lander entry science package [Seiff and Kirk, 1977] , and the Viking infrared thermal mapper (IRTM) [Martin, 1981] , show that atmospheric tides are a significant component of the general circulation, particularly during planetaryscale dust storms [Zurek and Leovy, 1981] .
The largest components of the diurnal (i.e., once daily) and semidiurnal (i.e., twice daily) tidal fields are fixed in local time, but the large-amplitude planetary-scale orography of Mars and the presence of its "thermal continents" may induce components which are not locked to the Sun's apparent motion. One eastward traveling tidal component of particular interest is an apparent diurnal Kelvin mode [Zurek, 1976; Conrath, 1976] , which may be greatly amplified during the early stages of a great dust storm and thereby provide a positive feedback leading to more dust raising [Zurek and Leovy, 1981; Tillman, 1988] .
In its nominal observational mode, PMIRR will characterize diurnal atmospheric tides using the day-night (1400-0200 Mars LT) differences in the temperatures observed on constant pressure surfaces. This approach has been utilized in the study of tides in Earth's stratosphere [Hitchman and Leovy, 1985] . The nominal observations will be supplemented on occasion by viewing local time differences of about 3 hours using the ability of PMIRR to look in the cross-track direction at the atmosphere at both side limbs (section 3.5).
Some tidal components will grow in amplitude with height, especially at low latitudes, and these will be readily observed by PMIRR in the middle atmosphere. The vertical structure of the waves above 30 km will also permit the identification of the heights of tidal breaking, a process which may drive mechanically the circulation of the Mars middle atmosphere through turbulent mixing and momentum dissipation [Zurek, 1986] .
Free modes: In contrast to the thermally driven atmospheric tides discussed above, atmospheric free modes rise above the meteorological noise because of the resonant properties of the global waveguide provided by the background temperature structure. The Viking lander surface pressure record suggests that free modes are present, and it has been suggested that they may play a role in "triggering" large-scale dust storms [Tillman, 1988] .
On Mars the frequencies of these resonant modes are close to the diurnal and semidiurnal harmonic frequencies of the thermally forced tides [Hamilton and Garcia, 1986; Zurek, 1976 Zurek, , 1988 . PMIRR data will be used to isolate modes of nearly diurnal frequency; the data will also provide simultaneous information on the background temperatures which determine the frequencies of the resonant, or freemode, response through the formation of the atmospheric waveguide.
Dust in the Atmosphere
Radiative effects of airborne dust. Dust suspended in the atmosphere of Mars absorbs and scatters incoming solar radiation; at the same time it absorbs and reemits thermal radiation from the surface. In so doing, suspended dust greatly affects atmospheric heating [Gierasch and Goody, 1972; Moriyama, 1976 The temperatures and infrared extinction by dust retrieved from PMIRR data provide key constraints on the computations of atmospheric heating and cooling due to CO2 and airborne dust. The ratio of infrared to visible opacity, as well as scattering properties, depend on particle size, shape, and composition [Kahn et al., 1992] . The variation of opacity with wavelength, as observed by PMIRR's mid-IR broadband radiometric channels, provides some constraint on the dust particle size distribution, although more refined estimates of microphysical properties can be derived in combination with the higher spectral resolution data of the thermal emission spectrometer (TES). Estimates of visible opacity are constrained further by the PMIRR wideband solar channel observations, by sequences in which the TES wideband solar channel views the same surface area at multiple emission angles, and by MOC images of the limb and surface.
The dust cycle. [Martin, 1974a, b; suggest that such storms originate when one or more localized centers of dust activity expand and coalesce until most of a zonal corridor in the southern hemisphere is obscured. Once the storm encircles the planet, it may expand to other latitudes, including the northern hemisphere. This onset and expansion phase lasts several days and is followed in just a few days by a slow clearing over several weeks and months of the airborne dust [Conrath, 1975; Pollack et al., 1979] .
Major questions regarding these great dust storms remain unanswered. What are the conditions that lead to the occurrence of one or more such dust storms in some years yet none in others Haberle, 1986; Tillman, 1988] ? The fact that these storms occur most frequently during southern spring and summer, when Mars is closest to the Sun, provides a clue that remains to be deciphered [Zurek, 1982] . What causes only a few of the many local dust storms to expand to regional scale? What are the mechanisms controlling the rate of atmospheric clearing, which seems remarkably uniform [Conrath, 1975; Pollack et al., 1979] ? Model simulations [Murphy et al., 1990] indicate that particle size and shape may play roles, while major influences are exerted by atmospheric mixing and the large-scale circulation.
Major questions remain as to the relative roles in the dust cycle as a whole of various atmospheric circulations, including those driven by the diabatic heating due to the dust itself [Leavy et al., 1973; Briggs and Leovy, 1974; Haberle et al., 1982; Kahn, 1983; Arvidson et aI., 1983; Barnes, 1990a; Kahn et aI., 1992; Zurek et aI., 1992] . Locations of the surface sources and sinks of the airborne dust remain uncertain. Once suspended in the atmosphere, dust may be transported into the north polar regions and incorporated into the polar layered terrains [Pollack et aI., 1979] . Dust may also be redistributed into those regions of the northern subtropics having high albedo and low thermal inertia [Christensen, 1986] .
PMIRR addresses these questions in two ways. First, the large-scale thermal structure of the atmosphere will be observed prior to, during, and after the onset of a great dust storm, should one occur during the Mars Observer mission. In addition, the vertical and meridional spreading and subsequent clearing of the dust hazes will be mapped with good spatial and temporal resolution. This will permit the estimation of the radiative forcing and the monitoring of changes in (1) the background atmospheric static stability, (2) the residual mean circulations, and (3} large-scale stationary and traveling waves, including atmospheric tides. In this manner the PMIRR data should illuminate the radiative-dynamical mechanisms involved in the generation and dissipation ofthe planetary-scale dust storms on Mars.
The Water Cycle
Much of the past and present interest in the climate of Mars stems from speculation on existence and behavior of water on its surface and in its atmosphere. Water in the current epoch is characterized by a few to several tens of precipitable microns (pr /Lm) of vapor in the atmosphere and by a permanent water ice polar cap in the north which is the only known surface reservoir. Other possible reservoirs are, in likely order of importance to the atmosphere, water vapor adsorbed in the regolith, near-surface ground ice, and the south polar residual CO 2 cap.
Ground-based and spacecraft data, most notably those from the Mariner 9 and Viking missions, have established clear signatures of seasonal variability in the abundance and distribution of atmospheric water vapor [Hanel et al., 1972; Farmer et aI., 1977; Farmer and Doms, 1979; Jakosky and Farmer, 1982; Jakosky, 1985; Haberle and Jakosky, 1990; lakasky and Haberle, 1992] . Data from the Mars atmospheric water detectors (MA WD) onboard the two Viking orbiters have contributed most to our understanding of the water cycle. MA WD measured column amounts of water over the sunlit portion of the planet for more than a full seasonal cycle (Figure 2 ). Earth-based observations by Barker et al. [1970] and more recent measurements by ground-based infrared and microwave techniques suggest ... Farmer [1982] .) substantial interannual variability in the amount of atmospheric water vapor, particularly in the southern hemisphere [Jakosky and Barker, 1984] . Such variability may be related to the annual persistence or disappearance of the south polar residual CO 2 cap [Kieffer, 1979; Jakosky and Haberle, 1992] .
Attempts to use the MA WD, IRTM, and Earth-based observations to estimate quantitatively surface and nearsurface sources and sinks of water vapor have thus far met with only limited success. Studies using numerical models of surface-atmosphere exchange and atmospheric circulation [Davies, 1981; Jakosky, 1983a, b; James, 1985; Haberle and Jakosky, 1990] have failed to reproduce the full seasonal variation of the distribution and abundance of atmospheric water that is apparent in the data. One reason for this difficulty is the remaining uncertainty as to whether or not the regolith plays a significant role as a source of water for the atmosphere.
A related problem is the apparent difficulty current models have in transporting enough water from high to low latitudes to duplicate the MA WD observations [Haberle and Jakosky, 1990] . Such studies suggest local sources of water at tropical and middle latitudes. However, uncertainties in sublimation and desorption rates and the currently limited knowledge of atmospheric relative humidity and of atmospheric transports severely constrain our ability to describe quantitatively the Mars water cycle.
The PMIRR investigation addresses these uncertainties by simultaneously observing surface temperatures and the vertical profiles of temperature and water vapor abundance and by detecting the presence and location of water ice hazes in the atmosphere. Mapping the vertical variations of water vapor with good resolution should constrain atmospheric transports by cross-equatorial Hadley circulations and by atmospheric waves. Determining the vertical distributions of relative humidity, water ice, and dust hazes can constrain models of the vertical redistribution of water vapor in the atmosphere and of its loss to the surface by condensation and snow [Kahn, 1990] . The simultaneous, colocated observation of temperature and water vapor and of the location of dust and ice hazes may provide some constraints on the horizontal transport of water ice, including effects of the nucleation of water ice on suspended dust particles. Models for the behavior of Martian CO2 over seasonal and climatic time scales indicate that in equilibrium the partitioning of exchangeable CO2 between the gas and the condensed phases is governed primarily by temperature. When a permanent CO2 cap is present, the mass of CO2 gas in the Martian atmosphere is determined by the vapor pressures of the permanent frost deposits, as determined by their annual averaged temperatures [Leighton and Murray, 1966] . When a permanent CO2 cap is not present, the mass of the Martian atmosphere could be determined by the vapor pressures of adsorbed CO2 deposits, which are strongly temperature dependent [Fanale and Cannon, 1979] or by the formation of carbonates, which are formed most rapidly when atmospheric temperatures permit the presence of liquid water, possibly in disequilibrium [Kahn, 1985] .
C02 Cycle
The Efforts to understand the present thermal state of the Martian surface and its diurnal and seasonal variability have been severely hampered by a lack of detailed, simultaneous atmospheric observations. PMIRR will rectify this deficiency by routinely retrieving accurate surface temperatures over wide geographic regions with simultaneous determinations of atmospheric temperatures, dust loading, and the combined reflectivity of the surface-atmosphere system. These observations will be used in conjunction with models of the heat balance of the surface-atmosphere column from which key surface parameters, such as thermal inertia and albedo, and the net effect of the atmosphere on the surface heat balance will be derived. Determining these parameters will provide, among other things, improved global-scale constraints on the size distributions of Martian surface materials and aeolian deposits. and so its contribution to the observed radiance must be separated from that due to thermal emission by CO2 or H20 gas. Thus the design of PMIRR and its observational strategy are driven by the need to (1) retrieve atmospheric fields with adequate vertical resolution, (2) retrieve vertical profiles of temperature and water vapor in the presence of aerosols and retrieve simultaneously the vertical profile of aerosol extinction, and (3) quantify the radiative fluxes of the polar regions. To achieve these goals, PMIRR has adapted to the global mapping of Martian atmospheric properties the techniques of limb sounding and filter and pressure modulation radiometry proven for the study of Earth's stratosphere.
Instrument Specifications
An early, detailed description of the PMIRR instrument design was published by McCleese et al. [1986] . The completed instrument is shown in Figure 3 . Table 1 summarizes the band pass, type, and measurement function of the PMIRR spectral channels, while the chief physical and operational parameters of the instrument are given in Table  2 . Briefly, PMIRR observes in a broadband visible channel and in eight spectral intervals in the 6-to 50-•m range. Spectral discrimination within this infrared range is achieved using spectral filters and pressure modulator units. An adequate signal-to-noise ratio in the temperature and water vapor sounding channels 1-4 is ensured through the placement of their detectors on a cold focal plane assembly cooled to 80 K by a passive radiative cooler. Vertical profiles of atmospheric properties are constructed from observations in three fields of view (FOV) scanned across the limb and onto the planet using a two-axis scan mirror in front of the primary telescope.
Optics. The PMIRR optical layout is shown schematically in Figure 4 . All channels share a common scan mirror and telescope primary, and all channels view Mars and space alternately at 800 Hz via a rotating double-sided mirror chopper. The CO2 and H20 pressure modulator cells (PMCs) are located in the optical paths of channels 1-4 and impress a 50-Hz amplitude modulation on to the chopped signal.
Optical mechanisms. The key PMIRR optical mechanisms are the pressure modulator units (PMUs), the scan mirror assembly, and the chopper assembly. The PMUs mechanically modulate the pressure of gas within a sealed optical cell, using dynamically balanced pistons driven at resonance [Taylor, 1983] . The scan mirror assembly, consisting of elevation and azimuth drive actuators mounted orthogonally in a yoke arrangement, allow the mirror orientation to be stepped over a large angular range in both axes. The chopper assembly is a rotating disc with 12 teeth, driven at 4000 rpm, which provides continuous and full (100%) signal modulation at 800 Hz.
Detectors. The nine PMIRR channels employ single element detectors. Channels 1-5 use cooled HgCdTe photon detectors, whereas channels 6-9 use ambient temperature deuterated triglycine sulfate (DTGS) pyroelectric detectors. Channels 1 and 4 make use of photovoltaic detector technology, while the channel 2, 3, and 5 detectors are photocon- Electronics and signal processing. Digital logic control and data processing electronics interface with the spacecraft payload data system, receiving and executing commands and processing instrument science and engineering data. A microprocessor is used for executive control, for example, to implement an automatic PMIRR scan mirror cycle. The primary instrument programs reside in read only memory (ROM) and are copied into random access memory (RAM), where they can be modified through links to changes made in RAM using small-scale memory loads.
While the mechanical chopper produces an 800-Hz signal in all PMIRR channels, the PMUs also produce a 50-Hz sideband signal which appears as an amplitude modulation on the wideband signal. The analog signal processing electronics convert these signals into digital voltage levels. A wideband signal chain amplifies and filters each 800-Hz signal. These signals are then demodulated, filtered, and fed into a voltage-to-frequency converter which is accurately gated into a counter for the signal integration period. The ?Ts denotes the best channels for deriving surface temperature. $Infrared emission is computed for radiative balance studies using all wideband IR channels (i.e., 1-8).
(digitized) S/N performance ranges from 3600 for channel 4 (at 6.9/am) to 13,000 for channel 3 (at 14.5/am, closer to the peak blackbody intensity). Corresponding NEATs are 0.006 and 0.003 K.
Pressure Modulation Radiometry
Gas correlation radiometry combines high spectral discrimination and high energy grasp. One implementation of this approach is the pressure modulation technique developed for temperature and species profiling in the terrestrial upper atmosphere [Taylor, 1983] . Its principal advantage is that it is species specific. For Mars this means that radiation originating from the ubiquitous airborne dust can be distinguished unambiguously from gaseous emission by atmospheric carbon dioxide and water vapor. This is especially important when limb sounding, as the long atmospheric paths observed heighten sensitivity to suspended dust (see section 3.4). to measure instrument calibration parameters that are not expected to change during the mission. In-flight calibration. Radiometric calibration is the only calibration activity performed during flight, and provisions for accurate radiometric calibration have played a major role in the PMIRR instrument design. The calibration goals for PMIRR are an absolute radiometric accuracy ---0.5% for the thermal infrared channels and -+3% for the solar channel, and a radiometric precision of -+0.1% for all channels.
Absolute calibration is provided for the full dynamic range of each channel by measurements which establish radiometric offset and gain. The offset calibration is supplied by a view of space, which is an excellent radiometric zero for every channel. Gain calibration is achieved using an internal 300 K blackbody for the thermal channels and an external diffusely scattering target for the solar channel. Radiometric precision is obtained by minimizing signal drifts. This is achieved by chopping all signals against space at 800 Hz and by accurately controlling the PMIRR scan mirror and optical bench temperatures.
During flight the PMIRR thermal channels are calibrated at 10-min intervals by views of space and of the internal blackbody, which is a small convoluted cone that is introduced into the optical path of the instrument by an actuator. The accuracy of the gain calibration depends entirely on the accuracy with which emission from the target is known. In order to meet the calibration goals, the effective emissivity of the internal blackbody must exceed 0.995 from 6.5 to 53 /xm and its temperature must be monitored to an absolute accuracy of <0.25 K. A high effective emissivity is achieved by treating the surface of the target with a high emissivity coating and by ensuring that the target and the instrument optical cavity that surrounds it are at the same temperature.
The solar channel is calibrated using views of space and the external, diffusely scattering target illuminated by the Sun. The target is an electric arc-sprayed aluminum disc which fills the instrument aperture and FOV. The disc is viewed via the scan mirror once per orbit as the spacecraft approaches the terminator over the northern hemisphere of Mars. The gain calibration depends entirely on the accuracy with which the target reflectivity (absolute) and bidirectional reflectance function can be determined. These were measured in the laboratory, and the target is subsequently protected against contamination by a reclosable cover throughout the launch, cruise, and orbit insertion phases of the mission. During the mapping orbit, a novel calorimetric method is used to measure any changes in target reflectivity that might occur. The target disc is thermally isolated from the instrument, and its temperature is monitored continuously. Any long-term changes in maximum temperature not consistent with the dominant heat balance terms of solar absorption, thermal emission, and conductance to the instrument are assigned to changes in target reflectivity.
Laboratory calibration. The laboratory radiometric, linearity, FOV, and wavelength calibration of the PMIRR were performed in a thermal vacuum chamber under conditions designed to approximate as closely as possible the instrument environment during a Mars Observer mapping orbit. The sources and targets viewed during calibration were also mounted within the chamber.
Standard Data Products
The continuous data taken by PMIRR is processed to five standard levels defined in Table 3 . The PMIRR data are organized into packets by the instrument and held by the spacecraft Payload Data System until transmitted to Earth. Level 0 data consist of the PMIRR data packets, together with instrument health parameters stripped from the spacecraft engineering data stream. The level 0 data are checked, assigned a quality flag, and converted into calibrated radiances. These calibrated radiances, calibration files, housekeeping records and associated geometry fields form the level 1 data set. Geometry consists of absolute pointing predictions or knowledge as supplied by the Mars Observer project. Calibrated radiances are separated into space, limb, partially on-planet, on-planet off-nadir, and on-planet nadir segments. On-planet views associated with the physical space traversed by the limb scans are identified. Atmospheric profiles of temperature, dust extinction, water vapor, haze distribution, and visible reflectance are then retrieved using pressure as a vertical coordinate. These profiles, together with surface fields, form the level 2 data set. The level 3 data set contains individual atmospheric profiles and surface fields which have been combined into global maps, accumulated for various time periods: daily, mapping cycle or monthly, and annual. Two techniques for estimating synoptic maps each day from the asynoptic data acquired from the polar orbiting Mars Observer are currently being investigated: sequential estimation [Rodgers, 1976] and asynoptic Fourier transformation [Salby, 1982a , hi. More highly derived products are then computed from these mapped fields (e.g., wind shears, atmospheric heating), and these form the level 4 data set.
Observational Approach
PMIRR measurements are accumulated continuously and repetitively throughout the mapping mission in order to assemble the necessary climatological data set. Functionally, the PMIRR instrument has a single operational mode. Measurements are integrated simultaneously in each channel and are obtained every 2 s, regardless of the position of the scan mirror. This yields a constant data rate of 156 bits per second (bps).
Observational flexibility is provided by the two-axis scan mirror. Because of the repetitive nature of PMIRR's observations the mirror actuators are driven by simple tables in instrument memory. When PMIRR arrives at Mars, it will contain in its memory a nominal set of all tables required to meet its basic measurement objectives. The preloaded tables are read from ROM to RAM, where they can be altered by uplink commands to change the mix or duration of the observational sequence modes. These basic observational modes are reviewed below, following a brief discussion of the limb sounding approach.
Limb sounding. The limiting vertical resolution of a passive remote sounding measurement is determined by viewing geometry, the pressure dependence of atmospheric opacity in the wavelength interval selected, and the instrument signal-to-noise ratio. In practice, the vertical resolution of a limb measurement is determined by the instrument field of view, and current flight systems achieve better than one-half scale height resolution. By contrast, the vertical resolution of a nadir measurement typically approaches an atmospheric scale height. In limb sounding, the effective averaging distance along the line of sight also depends on the instrument field of view and the pressure dependence of atmospheric opacity in the selected wavelength interval. For PMIRR the line-of-sight averaging is approximately 240 km, centered about the tangent point.
Limb sounding enhances sensitivity to (and thereby extends vertical coverage for) atmospheric trace species by increasing the mass-weighted geometrical optical path observed relative to nadir sounding (by a factor of 45 in the case of Mars). Of course, this increased path also enhances the line-of-sight opacity of airborne dust. Although dust opacities are smaller at infrared wavelengths than in the visible, the dust contribution must still be taken into account when processing PMIRR data (see sections 3.2, and 4).
The species sensitivity of a limb sounder is not influenced significantly by the vertical atmospheric temperature gradient. For nadir sounding, in contrast, errors in derived profiles and abundances increase rapidly as the surface and atmosphere become more nearly isothermal. Such conditions are far from rare in either the terrestrial or Martian atmosphere.
Nominal observational sequence. In its primary observation mode, PMIRR looks beneath the spacecraft to view the atmosphere at the aft (in-track) limb, scanning down onto the planet; it then slews further onto the planet to obtain an on-planet, off-nadir view at =60 ø emission angle, followed by a nadir view (Figures 7 and 8) . The mirror then slews up to obtain a space view for calibration, and the sequence is repeated. Over the polar regions the repetitive in-track scanning described above is interleaved with "buckshot" sequences which consist of nadir and off-nadir measurements made over a wide range of elevation and azimuth angles using the two-axis scan mirror. This pattern provides nearly optimum coverage of the surface bidirectional reflectance distribution function. spacecraft track. Above 60° latitude, nearly all local times can be viewed. The FOY rotates slightly when projected onto the side limb, producing lower vertical resolution (-7 km), While achieving much finer latitudinal resolution (-OS) . In this mode of scanning, line-of-sight averaging (now more zonal) remains 240 km.
The number of steps in the limb scans are programmable, and thus dwell times at a given position which are multiples of the minimum 2 s can be achieved. Each FOY can be stepped by half its vertical dimension (-2.5 km at the aft limb) to explore for finer scale vertical structure. Also, the mix of nadir, on-planet, and limb views can be changed as conditions require. However, the need to obtain a long record with systematic coverage of the meteorological fields means that the special purpose sequences will necessarily be interleaved with the nominal observational sequence.
Coordinated observations. PMIRR will carry at launch specialized sequences for coordinated measurements with other experiments. Coordinated measurement with the radio science (RS) investigation will provide the best means of validating PMIRR' s temperature retrieval algorithms. The RS temperatures are particularly valuable as they are derived from measurements of physically independent parameters (i.e., refractive index as opposed to thermal emission) and have very high vertical resolution (-1 km) . In the 
RETRIEVAL APPROACH AND SIMULATED RESULTS
This section describes how atmospheric profiles and surface properties are retrieved from PMIRR data, given the instrument characteristics and observational strategy discussed above. One means of assessing the anticipated impact of PMIRR data is through retrieval simulations using synthetic radiance data. Such simulations have been carried out for PMIRR, and representative samples are shown here. [Chahine, 1970] . This method starts with initial assumptions for surface temperature and pressure and for the atmospheric profiles of temperature and dust extinction. Instrument radiances are then calculated using these fields as input to a forward radiative transfer model. The assumed profiles are updated using perturbations based on the difference between the calculated and measured radiances.
The profiles input to the forward radiative transfer model are perturbed at levels corresponding to the peaks of the weighting functions, and the updated profiles are constrained by linear interpolation between these levels. This approximation relies on the mean value theorem and works best for narrow, spatially independent weighting functions. At onehalf scale height vertical resolution, PMIRR provides a near optimum set of spatially independent samples of the Martian atmosphere, and tests show that within the range covered by these samples, the retrieved profile is insensitive to the initial estimate. After the input fields are perturbed, new instrument radiances are calculated and compared with the observed radiances. This process is repeated iteratively until the measured and calculated radiances converge to within the noise of the measurement.
Iterative retrieval methods of this kind require no climatological information (a distinct advantage for Mars), work well for nonlinear problems, and can be adapted easily to apply ad hoc physical constraints to retrieved profiles. Their chief disadvantages are the greater use of computer time, the lack of formal error statistics associated with the retrieved profile, and their limited ability to make full use of a priori information, when available. Considerable effort is being devoted to making the PMIRR retrieval scheme computationally fast, so that retrievals can keep pace with the rate at which data are received during the mission.
Temperature. Figure 12 (Figure 13) [Toon et al., 1977] . In the middle atmosphere, where CO2 amounts in the limb path are smaller, measurements are made using the wing and, at higher altitudes, the R branch of the fundamental v2 band of the most abundant isotope. At these levels, dust extinction is usually small.
Pressure. All atmospheric profiles derived from PMIRR measurements are referenced to constant pressure levels, independent of uncertainties in the knowledge of the spacecraft attitude. For a given limb view, atmospheric pressure at the tangent height can be derived from the pressuremodulated and wideband signal components of the PMIRR temperature sounding channels, provided the opacity of the path is dominated by CO2. The ratio of these signal components is insensitive to atmospheric temperature but is a strong function of pressure at the tangent point of the limb path. Pressure and temperature are therefore retrieved simultaneously with a precision limited only by instrument signal-to-noise performance.
For PMIRR the best results are obtained from the 14.6-/am channel in the 30-50 km region because of good signal-tonoise performance and generally negligible infrared dust PMIRR can retrieve changes in surface pressure with a precision that depends on the contrast between atmospheric and surface temperatures. By combining nadir and limb sounding observations, it is estimated that PMIRR will detect changes in surface pressure with a typical precision of 4%. The absolute accuracy of surface pressure measurements is influenced by uncertainties in surface emissivities and in the spectroscopy of CO2 over the inhomogeneous nadir path. Systematic errors will be reduced by intercomparison with the thermal emission spectrometer (TES), to better determine surface characteristics, and with the radio science (RS) experiment, which derives temperatures from spacecraft occultation data. PMIRR utilizes its two-axis scanning mirror to observe the atmosphere near the tangent points of the occultation path; for Mars Observer the RS occultations occur at high latitudes. Dust and condensate extinction profiling. PMIRR measures aerosol extinction profiles in eight spectral channels covering the range 6.5-50 tam. These profiles are derived from dust channels measuring limb emission measurements simultaneously and with the same vertical and horizontal resolution as the temperature-sounding channels. Observations from the Mariner 9 and Viking spacecraft have shown that the infrared opacity of airborne dust is strongly dependent on wavelength [Toon et al., 1977; Martin et al., 1979] and have allowed opacities at infrared and visible wavelengths to be related [Zurek, 1982; Martin, 1986] . Models derived from this data have been used to guide the spectral placement of PMIRR channels and to relate opacities in different channels. For altitudes with relatively low dust opacity, estimates of the dust optical depth can be made independent of a priori knowledge of dust spectral characteristics in those channels having both a pressure-modulated and a wideband signal.
Non
Four PMIRR spectral channels are designed primarily for dust and condensate profiling ( Figure 13 and Table 1 The independent retrieval of temperature in the presence of particulates is essential for reliable dust and condensate profiling and is made possible by the two signal components of the pressure modulator temperature-sounding channels. Because the pressure-modulated and wideband signal components share fields of view and spectral band passes, they have identical responses to emission from particulates. The large contrast in response to CO2 emission for the two signal components therefore allows particulate and CO2 emission to be differentiated by each temperature sounding channel, once pressure is determined in that field of view.
Given the vertical profile of temperature as a function of pressure, profiles of the extinction due to dust and condensates are derived from limb and nadir emission measurements made in each PMIRR infrared channel. Both thermal emission and scattering contribute to particulate radiance. As particle single-scattering albedos are small at infrared wavelengths, the primary scattering of upwelling radiation from the surface dominates the scattering source function. Multiple scattering is unlikely to be significant. Under these conditions multispectral extinction profiles can be retrieved and used to distinguish between dust and condensates and to investi•late their microphysical properties.
PMIRR will also measure on-planet and limb radiances in its broadband solar channel (Table 1) Surface temperatures. PMIRR will measure on-planet radiances at eight infrared wavelengths as part of its nominal observational mode (section 3.5). When viewing the nadir, a smeared FOV is -7 km along track and 5 km cross track ( Figure 7) ; channels 6 and 7 (at 20.5 and 32.6/am) have two FOVs each, and all other surface sensing channels are superimposed on one of these two. In channels 7 and 8 (at 32.6 and 48.3 /am) the radiances are dominated by thermal emission from the surface and also do not exhibit the nonlinear response to nonisothermal surface fields of view, this complicates the interpretation of data obtained at shorter wavelengths. An integral part of the PMIRR data reduction plan is to use these radiances to retrieve the temperature and spectral emissivity of the surface. Surface temperatures can be used to map at relatively coarse resolution (e.g., 2 ø x 2 ø) the bulk thermal properties of the Martian surface and to locate surface frost and ice deposits. CO2 frost deposits can be identified by temperatures close to the CO2 solid-vapor equilibrium temperature of-148 K at 6 mbar CO2 partial pressure.
Anticipated Results
The ability to retrieve atmospheric profiles from PMIRR radiance measurements cannot be simulated using existing data alone, since those data lack global coverage or adequate vertical resolution and coverage. There are, for instance, very few meridional cross sections of temperature, such as the ones retrieved from Mariner 9 (Figure 1) . Furthermore, the region 40-80 km in altitude is virtually unexplored, and typically only column values of dust extinction and water vapor amounts are available (e.g., Figure 2 ). For these reasons, retrieval simulations have been extended using atmospheric fields computed by models representing the range of atmospheric conditions anticipated at Mars. From these fields, both observed and computed, synthetic PMIRR radiances are generated to simulate limb and on-planet observations. These synthetic radiances include the appropriate geometrical factors and known instrumental noise. By using the retrieval algorithms now under development, vertical profiles are retrieved from these synthetic radiances and compared with the original input fields.
Temperature, dust extinction, and pressure measurements. Figure 14 shows a synthetic climatology used to assess our ability to retrieve from PMIRR measurements vertical profiles of temperature and dust as a function of pressure. The one-orbit cross section was constructed using vertical profiles of temperature taken from a history tape generated as part of a southern summer solstice simulation off-nadir, and limb geometries should resolve whether the anomalously low brightness temperature regions observed by Viking [Kieffer, 1979] are due to surface or atmospheric phenomena [Paige, 1985] . Vertical profiles of temperature and aerosol extinction would provide useful constraints on the condensation of volatiles in the winter polar atmosphere and the incorporation of dust and water into the seasonal polar caps. Surface science. All standard PMIRR observational sequences include regular observations of solar reflectance and infrared emission. Retrieving surface temperatures from these observations will be an integral part of the PMIRR data reduction scheme. During a mapping cycle, the surface coverage obtained by PMIRR will be sufficient to map globally surface temperatures at 0200 and 1400 LT and top-of-the-atmosphere solar reflectances to spatial resolutions of 2 ø x 2 ø. At high latitudes, increased temporal and spatial sampling results from the spacecraft orbit and PMIRR's frequent on-planet viewing for polar radiative balance measurements.
This will enable PMIRR to obtain maps of surface temperatures and top-of-the-atmosphere solar reflectances to spatial scales of 0.5 ø x 0.5 ø every 5 days at high latitudes. Thermal and reflectance maps derived from PMIRR data can be used to determine (1) the apparent thermal inertia of the surface of Mars from diurnal surface temperature variations [Palluconi and Kieffer, 1981] , (2) the extent of the seasonal polar caps, (3) the actual surface albedo and surface thermal inertia using one-dimensional radiative-convective models in conjunction with PMIRR-derived atmospheric temperature and opacity fields [Paige, 1985] , and (4) highlatitude subsurface temperatures and thermal properties using the observed seasonal cycles of surface temperatures. [Seiff and Kirk, 1977] , and (b) a radio occultation temperature profile [Lindal et al., 1979] . The vertical distributions of "atmospheric" vapor mixing ratio (solid lines) were constructed using partial pressures needed to give a constant relative humidity.
SUMMARY
The exploration of Mars will enter a new phase with Mars Observer. The low, circular, and nearly polar orbit of the spacecraft will provide an ideal platform for the systematic remote investigation of the atmosphere of Mars and its seasonal variation. PMIRR is designed to take full advantage of that platform to map the global fields of temperature, dust distribution, water vapor, surface ice and atmospheric condensates, and the reflected solar and emitted thermal emission at the top of the atmosphere. From these fields we can derive the vertical variation of horizontal winds, the diabatic forcing of the atmosphere, zonal mean transport (i.e., residual mean) velocities, surface radiation components, and key parameters of the surface energy budget, such as the change of CO2, the surface albedo and the apparent thermal inertia.
The climatologies generated for Mars by PMIRR will be unprecedented in their comprehensive coverage and in their vertical and horizontal resolutions. Just as for the case of Earth, such climatologies provide a basis for seeking an improved understanding of the physical processes underlying the present structure and future change of the atmosphere and climate of Mars [Zurek and McCleese, 1989 ]. We may gain insight into the past climates of Mars and perhaps, through comparative study, of Earth as well. Each of the past spacecraft investigations of Mars has yielded new, and often dramatically changed, perspectives of that planet. Mars Observer is unlikely to be an exception.
